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€9 Method of making high dielectric constant insulators and capacitors using same.

) Animproved method of fabricating a stable high dielec-
tric constant and low leakage dielectric material includes
oxidizing at a temperature of about 400°C or higher a layer
of a transition metal-silicon alloy having 40% to 90% tran-
sition metal by atomic weight to produce a silicate or homo-
geneous mixture. The mixture includes an oxide of the
transition metal and silicon dioxide. The alloy may be de-
posited on, e.g., a semiconductor or an electrically conduc-
tive layer that is oxidation resistant, and the thickness of the
mixture or oxidized alloy should be within the range of 5 to
50 nanometers. By depositing an electrically conductive
layer on the homogeneous mixture, a capacitor having a
high dielectric, low leakage dielectric medium is provided.
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METHOD OF MAKING HIGH DIELECTRIC CONSTANT INSULATORS
AND CAPACITORS USING SAME

The invention relates to a method of fabricating high di-
electric constant insulators, particularly a dielectric
material having a high quality index for use in the inte-
grated semiconductor circuit technology, and to capacitors
using same.

For very dense integrated semiconductor circuits, such
as known dynamic field effect and bipolar transistor
memory circuits, small high capacitance storage nodes
are necessary to relax design requirements for driver,

refresh and sense circuits.

Although silicon dioxide is successfully and commonly
used as the dielectric material in storage capacitors
or nodes, consideration has been given to the use of
very thin thermal silicon nitride and high dielectric
constant transition metal oxides, such as tantalum
oxide (Ta205) and hafnium oxide (Hf02) for providing
improved storage capacitors. It has been found that the
thermal nitride is difficult to prepare at temperatures
below 1050°C and requires a very low dew point nitrogen
furnace atmosphere. The transition metal oxides are
difficult to prepare sufficiently thin to provide the
desired combination of high capacitance, low electrical
leakage and substantial voltage breakdown strength and
they are generally not stable at high temperatures.

The transition metal oxides must be fabricated at low
temperatures to suppress recrystallization, which
causes significantly higher electrical leakage. Trans-
ition metal oxides are discussed in an article entitled,
"A Stacked High Capacitor RAM", by 0. Kuniichi, et al,
IEEE International Solid State Circuits Conference,
February 1980, pp. 66-67. It should be understood that
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transition metals are metals that have unfilled outer
electron valence shells which generally are at D and P

enerqgy levels of the atomic structure.

It is also known to produce insulating layers by oxidiz-
ing metal silicides, such as tungsten silicide (WSiz) and
molybdenum silicide (Mosiz) to form protective layers of
silicon dioxide, either as an insulator disposed between
electrically conductive lines or as a passivating layer.
Oxidation of WSi2 deposited on a silicon or polysilicon
substrate to form a protective overlayer of silicon di-
oxide is taught in, e.g., an article entitled "Oxidation
Mechanisms in WSi2 Thin Films", by S. Zirinsky, W. Hammer,
F. d'Heurle and J. Baglin, in Applied Physics Letters
33(1), 1 July 1978. Oxidation of MoSi2 deposited on mo-
lybdenum to form a protective overlayer of silicon di-
oxide is taught in U. S. Patent 4 227 944, filed by

D. M. Brown et al on June 11, 1979. The silicon dioxide
produced by oxidizing these metal silicides has all the
known dielectric properties and characteristics of sili-
con dioxide including a dielectric constant of 3.9 but a
higher current leakage than exhibited by thermally grown

silicon dioxide from a single crystal silicon substrate.

The invention as claimed is intended to remedy these draw-
backs. It solves the problem of how to provide a simple
process for making an insulating material having a sub-
stantially higher dielectric constant than that of sili-
con dioxide and low current leakage characteristics, which
is chemically stable within a wide range of temperatures,
i.e., between about -150°C and +1300°C. Another aspect of
this invention is the provision of an improved storage
capacitor which includes a dielectric medium having a
high dielectric constant produced by the process of

this invention.
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In accordance with the teachings of this invention, an
improved method of fabricating a stable high dielectric
constant and low leakage dielectric material includes
oxidizing a layer of a transition metal-silicon alloy
having 40% to 90% by atomic volume of the transition
metal. This alloy may be deposited on an elecfrically
conductive layer or on an insulating layer that is
oxidation resistant and the thickness of the oxidized
alloy should be within the range of 5 to 50 nanometers.
The oxidation of this alloy at temperatures of about
400°C or higher for several minutes or up to one hour
or longer produces a high dielectric, low leakage
insulator which includes a silicate or mixture having a
transition metal oxide and silicon dioxide. By deposit-
ing a conductive layer over the silicate, an-improved
high capacitance capacitor may be formed.

The invention will be apparent from the following and
more particular description of the preferred embodiments
of the invention, as illustrated in the accompanying

drawings.

Fig. 1 illustrates in sectional view a layer of
transition metal-silicon alloy having a
high concentration of transition metal
formed on a semiconductor substrate

prior to oxidation;

Fig. 2 illustrates a sectional view similar to
that of Fig. 1 but taken after the alloy
has been oxidized and with a capacitor

electrode or plate deposited thereon;
Fig. 3 is a graph indicating the relationship
between the capacitance of a capacitor

of the type illustrated in Fig. 2 and
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the initial thickness of the alloy used
to form that capacitor;

is a graph indicating the current
leakage of a capacitor of the type
illustrated in Fig. 2 as a function of

applied voltage;

illustrates in sectional view a layer of
transition metal-silicon alloy having a
high concentration of transition metal

formed on an insulator prior to oxidation;

illustrates a sectional view similar to
that of Fig. 5 but taken after the alloy
has been oxidized;

illustrates, in sectional view, a layer
of transition metal-silicon alloy having
a concentration of silicon which is sub-
stantially higher than that in the alloy
illustrated in Fig. 1 formed on an insula-

tor prior to oxidation; and

illustrates a sectional view similar to
that of Fig. 7 but taken after the alloy

has been oxidized.

Referring to fig. 1 of the drawings in more detail,

there is illustrated in sectional view a semiconductor

substrate or wafer 10 made of silicon with a layer of

tantalum silicide 12 deposited on the substrate 10.

~ The tantalum silicide may be conveniently deposited in

a vacuum onto the substrate 10 by evaporating both

tantalum and silicon with known dual electron beam
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techniques. Additionally, the alloy may be produced by
well known sputter deposition techniques. The tantalum
silicide layer 12 may, preferably, have a thickness of
about 4 to 16 nanometers. After the alloy, tantalum
silicide, forming layer 12 of Fig. 1 has been deposited,
the alloy is oxidized, preferably in dry oxygen, at a
temperature of about 400°C or higher for several minutes
or more until all of the alloy is converted into a si-
licate layer 12' which includes a mixture of tantalum
oxide Ta205 and Si02, as indicated in Fig. 2 of the draw-
ings. The layer 12' may be patterned with any suitable
etching technique to form any desirable design, such as
dielectric segments for storage capacitors. The etching
technique may be any dry or wet etching technique that

is normally used for etching silicon dioxide. A conduct-
ive layer 14 made of, e.g., doped polysilicon, a metallic
silicide or a metal, is deposited on the oxide mixture
layer 12' to form a capacitor having electrodes or plates
10 and 14 with the dielectric medium 12'. The capacitor
illustrated in Fig. 2 of the drawings made in accordance
with the teachings of the simple process of this inven-
tion has a dielectric medium 12' having a dielectric
constant which is 3 to 4 times greater than that of
silicon dioxide aﬁd with current leakage nearly as low

as that of silicon dioxide. Furthermore, the dielectric
medium 12' can withstand temperatures of 1000°C and
higher for long periods of time without adversely affect-
ing its quality index.

A capacitor having the characteristics indicated herein-
above is particularly useful in semiconductor integrated
circuits such as storage capacitors or nodes in very
dense memofy systems since a storage capacitor of a
given dimension provides a stronger signal with a '

dielectric medium having a higher dielectric constant.
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Although the layer 12 in Fig. 1 of the drawings has been
identified as being made of tantalum silicide, it should
be understood that other transition metal silicides,
such as those made of hafnium (Hf), zirconium (Zr),
lanthanum (La), yttrium (Y), scandium {(Sc), niobium (Nb)
and vanadium (V), may also be used. Preferred transition
metal silicides in addition to tantalum silicide, are
hafnium silicide HfSi which after oxidation produces

mixture layer 12' including hafnium dioxide Hf0, and

silicon dioxide Si02, and yttrium silicide YSi éhich
after oxidation produces mixture layer 12' including
yttrium dioxide YO2 and silicon dioxide Si02. It should
also be understood that the layer 12 in Fig. 1 may
include any transition metal-silicon alloy having about
40% to 90% transition metal by atomic volume so that
layer 12' forms a mixture which includes an oxide of

the transition metal and an oxide of the silicon.

As is known, silicon dioxide has a dielectric constant
of 3.9, whereas oxides of transition metals such as tan-
talum have a dielectric constant of about 30. However,
tantalum oxide has a leakage which is about 100,000
times that of silicon dioxide and, furthermore, tantalum
oxide cannot withétand temperatures higher than 400°C

to 500°C without adversely affecting its quality index.
Accordingly, when tantalum oxide is used in semiconduc-
tor integrated circuits, it must be formed late in the
integrated circuit process after all hot process steps
have been performed.

By using the process of the present invention to produce
dielectric materials, the current leakage at a 5 volt
applied bias is considerably decreased over that found
in dielectric material using transition-metal oxide

alone, since the current leakage decreases exponential-

BU 981 027



10

15

20

25

30

0096773

ly from about 10—4 to 10-8 amperes per square centimeter
as the content of silicon dioxide in the mixture layer
12' of Fig. 2 increases from 0% to 100%, while the
dielectric constant of the mixture layer 12' decreases
only linearly from about 30 to 3.9 as the content of

the silicon dioxide in the mixture layer 12' of Fig. 2

increases from 0% to 100%.

Table I, set forth hereinbelow, indicates some of the
electrical properties of mixture layer 12' made of tanta-

lum oxide (Ta 05) and silicon dioxide (Si02) when tanta-

2

lum silicide (Ta Siz) is oxidized as described hereinabove

9 .
and of hafnium dioxide (Hf02) and silicon dioxide (Si02)

when hafnium silicide (Hf4si) is similarly oxidized, with
conductive layer 14 of Fig. 2 being a .075 centimeter dot

made of molybdenum and layer 10 being made of silicon.

Ta9812 Hf481
As-~-deposited
Thickness (nm) 43.7 50.0
Converted
Silicate
Thickness (nm) 124.0 75.0
Capacitance (pf) 690 620
Dielectric
Constant K 22 12
Leakage Volts at
2x10™8 amp/cm? 6.0 6.5
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It can be seen that after oxidation the thickness of the
mixture or silicate 12' of Fig. 2 increases up to two

to three times that of the thickness of the silicide

layer 12 of Fig. 1. These samples were slowly inserted
into an oxygen atmosphere at 1000°C and baked for approxi=-
mately one hour.

The graph in Fig. 3 of the drawings indicates the capacit-
ance variations of a .075 cm dot of the type illustrated
in Fig. 2 of the drawings as a function of initial thick-
ness of hafnium silicide (Hf7Si4).'It can be seen that

at an initial silicide thickness of 4 nanometers the ca-
pacitor has a capacitance of approximately 900 picofarads
and increases rather rapidly to approximately 2100 pico-
farads at an initial silicide thickness of 7 nanometers.
Between about 12 and 16 nanometers the capacitance de-
creases fairly rapidly from a high of over 2200 picofarads
to approximately 1200 picofarads. It has been found that
the relatively low capacitance produced at 4 nanometers

of silicide is due to the formation of a layer of silicon
dioxide between the silicon substrate 10 and the hafnium
oxide-silicon dioxide mixture layer 12' of Fig. 2 caused
by the penetratiop of the oxygen to the surface of the
silicon substrate 10 during oxidation. Of course, the
decrease in capacitance between 12 and 16 nanometer thick-
ness of silicide is caused simply by the thickness of the
silicate between the capacitor electrodes 10 and 14 of
Fig. 2. Thicknesses above 16 nanometers of the silicide
continue to eihibit the high dielectric and low leakage
properties in the hafnium oxide-silicon dioxide mixture
until the thickness of the silicate exceeds about 50
nanometers. At this latter thickness, the dielectric
constant rémains high, however, micro fissures begin to

form in the mixture causing undesirable current leakage.
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The leakage indicated in Fig. 3 of the drawings is worst
case leakage.

In Fig. 4 of the drawings, there is a graph indicating
the relationship between current leakage and applied
voltage to a capacitor of the type illustrated in Fig. 2
of the drawings having a titanium dot of .075 cm when 15
nanometers of tantalum silicide (Tagsiz) deposited on
the silicon substrate 10 were oxidized to form 45 nano-
meters of a tantalum oxide-silicon dioxide mixture 12°'.
It can be seen that up to about seven volts, i.e., with-
in the range generally used in semiconductor integrated
circuit applications, the current leakage is small. The
worst case 1s shown with the silicon substrate 10 being
positive (+) with respect to conductive layer 14 of

Fig. 2.

Although the substrate 10 in Figs. 1 and 2 was indicated
as being made of silicon, it should be understood that
the substrate 10 may also be made of conductive or in=-
sulating material as long as the material is oxidation
resistant, however, materials suitable for forming a
capacitor electrode are preferred. If the silicate is not
required on a semiconductor or conductor substrate, an
insulating layer 16 conveniently made of silicon dioxide
may be used, as indicated in Fig. 5 of the drawings, on
which a layer 18 of tantalum silicide (TaSi) has been
deposited. By oxidizing the tantalum silicide layer 18
in the manner described hereinabove in connection with
the strﬁcture illustrated in Fig. 1 of the drawings,

the silicide layer 18 is converted into a silicate layer
18' of Fig. 6 having the same tantalum oxide-silicon
dioxide mixture indicated in layer 12' of Fig. 2. As
with the silicide in layer 12 of Fig. 1, the layer 18

of Fig. 5 has oxygen penetrating therein to convert the
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tantalum silicide into tantalum oxide and silicon oxide,
having electrical properties similar to those described
hereinabove in regard to the silicate or mixture of

layer 12' of Fig. 2.

To form the transition metal oxide-silicon dioxide sili-
cate or mixture, the silicide which is oxidized should
generally contain more transition metal than silicon,
although 40% to 90% metal by atomic value has been
found to be satisfactory. If a silicide such as tanta-
lum disilicide (Tasiz), which contains substantially
more silicon than tantalum, is deposited in the form of
a layer 20 on a silicon dioxide substrate 22 shown in
Fig. 7 of the drawings, during oxidation the oxygen
reacts with the excess silicon in the tantalum silicide
(TaSiz) to form upper silicon dioxide layer 24 with the
layer 20' of silicate or mixture tantalum oxide-silicon
dioxide being interposed between the silicon dioxide
layer 24 and the substrate 22, as illustrated in Fig. 8
of the drawings. If the upper silicon dioxide layer 24
is not needed, it may be removed by employing known
etching techniques.

It can be seen thét a novel dielectric mixture for a
capacitor has been provided which is made by oxidizing

a layer of transition metal-silicon alloy having from
about 40% to 90% transition metal by atomic volume.

The transition metal-silicon alloy is deposited onto an
oxidation resistant substrate, which may be made of semi-
conductbr, conductor or insulator material. The alloy is
oxidized, preferably in dry oxygen, although wet oxygen
may also be used, at a temperature which is preferably
400°C or higher for'Several minutes or longer until all
of the alloy is converted into a silicate or mixture

which includes the transition metal oxide and the sili-
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con dioxide. The silicate or mixture preferably has a
thickness of 5 to 50 nanometers. The silicate may be
patterned by known etchants, e.g., as used with dry or
wet etching techniques for patterning silicon dioxide
layers. An electrically conductive layer, which may
be made of doped polysilicon, a silicide or a metal,
is deposited onto the silicate to produce a high

dielectric constant-low leakage capacitor.

If desired, the silicate or mixture may be formed from
the metal-rich transition metal silicide by employing
known anodizing techniques, although oxidation in dry
oxygen is preferred. Furthermore, the homogeneous oxide
mixture may also be directly formed during deposition

by use of known reactive sputtering or reactive evapora-
tion techniques. To obtain the highest achievable
electrical quality, the oxide mixture derived from the
above indicated techniques should be subsequently heated
within an oxygen atmosphere under the same temperature

conditions identified hereinabove.

It has been found that direct insertion of the substrate
with the transition metal silicide into an oxidation
atmosphere is desired. For densely packed, full sized
silicon wafers, it is desired to utilize slow insertion
into a furnace so as to achieve uniform conversion. Non-
uniformity results from both uneven heating and the
rapidity of the conversion reaction. The mechanism is
believed to be similar to that observed for the oxidation
of poroﬁs silicon, i.e., very rapid intergranular pene-
tration of the oxidant followed by diffusion limited
radial penetration into the core of the porous metal
silicide gfain. Transition metal silicides that have
been annealed or pre-sintered do not convert readily.

For sufficiently thin converted silicides over bare si-
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licon substrates, growth of an interface silicon dioxide
occurs as a function of oxidation time. This condition
provides stable capacitor-voltage traces with little
hysteresis and moderately low interface states. Etching
tests with buffered hydrofluoric acid (HF) show that

the etch rate of the silicate is approximately one-fifth
that of pure silicon dioxide. A desired image defining
procedure for storage node applications can use lift

off techniques for the evaporated alloy.

Accordingly, a capacitor including a dielectric medium
having a high quality index, i.e., high dielectric con-~
stant and low current leakage, particularly suitable
for use in dense integrated memory circuits, has been
provided by employing a simple fabrication process.
Furthermore, the dielectric medium may be produced at
any stage during the making of semiconductor integrated
circuits since the dielectric medium can readily with-
stand and is stable at high temperatures of more than
1000°C without destroving the high quality index of the

dielectric medium.
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CLAIMS

A process for making a dielectric material com-

prising the steps of:

providing a layer of a transition metal-silicon
alloy having from about 40% to 90% transition

metal by atomic volume, and

oxidizing said laver so as to produce a mixture
of an oxide of said transition metal and an oxide

of said silicon.

A process as set forth in claim 1 wherein said

mixture is a homogeneous mixture.

A process as set forth in claim 1 or 2 wherein

said layer is oxidized at a temperature of 400°C

or higher.

A process as set forth in one of the preceding
claims wherein said mix:ure has a thickness

between 5 and 50 nanometers.

A process as set forth in one of the preceding
claims wherein said alloy layer has a thickness

between 4 and 16 nanometers.

A process as set forth in one of the preceding
claims wherein said alloy layer is oxidized until

all of said layer is converted into said mixture.

981 027
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A process as set forth in one of the preceding
claims wherein said alloy layer is oxidized in dry

oxygen.

A process as set forth in one of the preceding
claims wherein said transition metal is selected
from the group consisting'of tantalum, hafnium,
zirconium, titanium, lanthanum, yttrium, scandium,

niobium and vanadium.

A process as set forth in one of the preceding
claims wherein said alloy is selected from the.
group coﬁsisting of hafnium silicide HfSi, tan-

talum silicide TaSi, and yttrium silicide YSi.

A process as set forth in claim 8 wherein said
alloy is deposited on an electrically conductive
substrate and further including depositing a

conductive layer on said mixture.

A process as set forth in one of claims 1 to 9
wherein said alloy is deposited on a substrate of

insulating material.

A capacitor structure having first and second con- .
ductive layers, and a dielectric layer interposed
between said conductive layers, and preferably
manufactured as set forth in one of the preceding

claims,

characterized in that the dielectric layer includes
a mixture of an oxide of a transition metal and an

oxide of silicon.
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13. A capacitor as set forth in claim 12 wherein said
mixture is a homogenous mixture and said transition
metal is selected from the group consisting of
tantalum, hafnium, zirconium, titanium, lanthanum,

yttrium, scandium, niobium and vanadium.

14. A capacitor as set forth in claim 13 wherein said
transition metal oxide is selected from the group
consisting of hafnium dioxide (Hf02),'tantalum
pentoxide (Ta205) and yttrium dioxide (Y02).

15. A capacitor as set forth in claims 12, 13 or 14

wherein said dielectric layer has a thickness

between 5 and 50 nanometers.
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